Abstract-The present experiments were carried out to determine the regrowth of endothelial cells (EC) after balloon denudation of the rabbit carotid artery and the changes in responsiveness of the artery with regenerated EC. Scanning electron microscopic findings revealed that 28.8% of the luminal surface was covered with regenerated EC at week 1. The regrowth of EC proceeded progressively, and a full lining was achieved at week 6. Regenerated EC were morphologically different from native ones; they were elongated (weeks 1 and 2) and irregularly oriented (weeks 4 and 6), and their numbers had significantly increased. Light microscopy revealed the intimal thickening and proliferation of smooth muscle cells. No accumulation of lipids in the vascular wall could be detected at any observation time. The experiments in an organ bath demonstrated that the altered appearance of EC was accompanied by depressed endothelium-dependent relaxations to acetylcholine, ADP and A23187. However, sodium nitroprusside-induced re laxation and contractile responses to noradrenaline, serotonin and histamine remained unchanged in the normal and denuded preparations, indicating that the dysfunction of the endothelium occurs at a time when the ability of the underlying vascular smooth muscle to relax or contract was unchanged. In addition, it is suggested that the impairment of the endothelium-dependent relaxation may be partly due to impairment of the synthesis and/or release of endothelium-derived relaxing factor(s) in EC.
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It has been reported that the endothelium derived relaxing factor (EDRF) is a potent vasodilator (1, 2) and an antiaggregatory substance (3) (4) (5) released from the endo thelium. The injury or dysfunction of endo thelial cells, together with resultant platelet aggregation and the release of platelet pro ducts, is one of the important mechanisms of atherosclerosis (6, 7) . Shimokawa et al. (8) have reported that a full endothelial lining on the internal surface of the previously denuded porcine coronary artery is observed 8 days after denudation, and that eccentric myoin timal thickening had occurred along the coronary artery 4 weeks after denudation. The endothelial regrowth is facilitated by the small circumference and the presence of many branches, and presumably by the characteris tics of the species studied (8-10). However, no information is available about the endo thelial regrowth of the rabbit carotid artery. Thus, the present experiments were designed to examine the regeneration of endothelial cells after in vivo balloon denudation of the rabbit carotid artery, in which one side can serve for denudation and the other side for a control, and whether the arterial strips with regenerated endothelial cells and thickened intima respond normally to various pharma cological agents.
Materials and Methods
Chemicals: The following chemicals were used in the present experiments: Acetylcho line chloride (ACh, Ovisot for injection, Daiichi Pharmaceutical Co.), atropine sulfate (Merck), indomethacin (Merck-Banyu), I noradrenaline bitartrate, adenosine 5'-diphos phate sodium salt (ADP), calcium ionophore A23187 (A23187), sodium nitroprusside (SNP), histamine dihydrochloride and sero tonin creatinine sulfate (all from Sigma). All chemicals were dissolved in distilled water and kept frozen at -80°C until use (10-2 M stock solution), except for A23187 and in domethacin, which were dissolved in dime thylsulfoxide (DMSO, Art. 2950, Merck). DMSO was present in a final concentration of 0.1% in the experiments with these agents, and this concentration had no effect on any parameter tested.
Animals: Japanese White male rabbits, 10 weeks of age, were used. These rabbits were purchased at 8 weeks of age and housed in dividually for 2 weeks before the experiments in a temperature (23±1 °C) and humidity (50±20%)-controlled room and were fed regular chow (CE-2, Japan Clea) and tap water throughout the experimental periods.
Twenty rabbits were divided randomly into 4 groups consisting of 5 each. The mean body weight at 10 weeks of age was determined as 1.95±0.03 kg for group 1, 1.88±0.04 kg for group 2, 1.93±0.03 kg for group 3 and 1.90± 0.04 kg for group 4. These values were not significantly different from each other. The body weight changes and general behavior of all rabbits before and after endothelial de nuation appeared to be normal.
Endothelial denudation: Rabbits were anesthetized with 25 mg/kg, i.v., of sodium pentobarbital (Nembutal, Abbott Labora tories, North Chicago). Using aseptic surgical techniques, the right common carotid artery (CA) was exposed, and an arterial embolec tomy catheter (12-040-3F/40 cm/3F, Ame rican Edwards Laboratories, Santa Ana) was inserted up to the proximal portion of the artery through a small longitudinal incision (<1.0 mm) which had been made in about a 5 mm peripheral portion from the cranial thyroid artery. Then, the intraluminal surface of the artery was gently rubbed by means of a balloon (filled with 0.15 ml saline, approxima tely 2.5 mm in diameter). The left common CA underwent a sham operation and served as a control. Oxytetracycline (125 mg/body/ day, i.m., Showa Yakuhin Kogyo Co.) was used for the prevention of infection for 2 days after the operation.
Measurement of mechanical response: At 1, 2, 4 and 6 weeks after denudation, rabbits were anesthetized with sodium pentobarbital (25 mg/kg, i.v.) and exsanguinated from the femoral arteries. The common CA's were rapidly excised and kept in modified Krebs solution. After removal of fat and connective tissue, a 2-mm wide transverse ring was cut off with a razor blade, and a transverse strip was made and mounted vertically in an organ bath containing 5 ml of modified Krebs solu tion continuously bubbled with 95% 02 and 5% CO2 at 37 °C. Special care was taken to avoid unintentional rubbing of the intraluminal surface. Mechanical responses were measured according to the method described previously (11-13). Briefly, one end of each strip was secured to the bottom of the organ bath, and the other was attached to a force-displace ment transducer (TB-611T, Nihon Kohden Kogyo Co.). Isometric changes in tension were recorded on a pen-writing oscillograph (R-64, Rikadenki Kogyo Co.). The length of the strips was adjusted several times until a stable tension of 0.5 g was attained. Before beginning the experiments, strips were al lowed to equilibrate for at least 60 min in the bathing solution and during this period, the bathing solution was replaced every 20 min with fresh solution. The composition of modified Krebs solution was as follows: 115.0 mM NaCI, 4.7 mM KCI, 1.2 mM MgSO4.7H2O, 2.5 mM CaC12.2H2O, 1.2 mM KH2PO4, 25.0 mM NaHCO3 and 10.0 mM glucose. After 60 min of equilibration, 10-6 M ACh was given to all strips during a contraction caused by 10-5 M noradrenaline to test the presence or absence of functional endothelial cells. After this, relaxations were examined during a con traction caused by 10-5 M noradrenaline as follows: In set a and c (control left CA and right CA with regenerated endothelium, re spectively) : 1) ACh (10-8-3x10-6 M) and 2) SNP (10-8-3x10-5 M). In set b and d (control left CA and right CA with regenerated endothelium, respectively): 1) ACh (10-8 3x10-6 M), 2) 10-5 M ADP followed by 10-6 M ACh and 3) 10-6 M A23187 fol lowed by 10-6 M ACh. Relaxations caused by ACh, ADP, A23187 or SNP were given as a percentage against the 10-5 M noradrenaline induced contraction. Contractions to nor adrenaline (10-9-3 x 10-5 M), serotonin (10-9 3x10-6 M) and histamine (10-8-3x10-4 M) in the quiescent left CA and right CA with regenerated endothelium were examined in different sets. EmaX (the maximum response) and ED50 (the concentration producing 50% of the EmaX) were obtained from the log con centration-response curves.
Electron microscopy: Scanning electron microscopic examinations were performed in 5 rabbits per group at 1, 2, 4 and 6 weeks after endothelial denudation. After isolation of the control left CA and right CA for measurement of the mechanical responses and for light microscopic analysis, both sides of the re sidual arteries were fixed in situ with phos phate-buffered saline (136.8 mM NaCI, 2.7 mM KCI, 8.1 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4) containing 2% glutaraldehyde at a perfusion pressure of 100 mmHg and then removed. Transverse specimens were cut from each CA and kept in the fixation solution for 24 hr at 4°C. After the post-fixation with phosphate-buffered saline (pH 7.4) con taining 1% osmium tetroxide for 2 hr at 4°C, specimens were dehydrated in an ascending series of ethanol solutions, processed through isoamyl acetate, critical-point-dried using car bon dioxide and coated with gold. The ul trastructure of the intraluminal surface was observed by means of a scanning electron microscope (ESM-3200, Elionix).
Light microscopy: Left and right CA's were isolated and fixed in a 10% neutral solution of formaldehyde. The transverse specimen was divided into two. One was embedded with paraffin after dehydration with ethanol. Thin sections were stained with hematoxylin eosin (H-E) or according to the methods of Elastica-Van Gieson (14) and Mallory-azan (15) for light microscopic analysis. The other was used for preparing a frozen thin section after immersion in a gum-saccarose solution and stained with Sudan III in order to examine the presence of lipids in the vascular wall.
Statistical analysis: All data are expressed as the mean±S.E.M. The statistical difference between two means was determined by Student's t-test.
Results
Electron microscopic findings: In the sham operated left CA (under control conditions), scanning electron microscopy revealed that the endothelial cells were regularly arranged parallel to the direction of the blood stream at any observation time. A representative micro graph is shown in Fig. la . Transverse strips from which endothelium had been removed deliberately were devoid of endothelial cells on the intimal surface, revealing fibers of the subendothelial layer (Fig. 1b) . Two hours after denudation under reperfusion with blood, numerous platelets with pseudopods adhered to the subendothelial layer (Fig. 1c) . One week after denudation, a part of the sub endothelial structure was covered with the regenerated endothelial cells (Fig. 1d) . The mean covering ratio was determined to be 28.8±10.1%, and the number of the cells (x 103/mm2) on the regenerated area was 8.9±0.8 (n=4), the value of which was significantly (P<0.005) different from 5.2±0.5 in the sham operated left CA (Table 1 ). In 1 of 5 rabbits 1 week after denudation, no re generated endothelial cells could be found, and the intraluminal surface was covered with a fibrin-like substance and numerous mono cytes thereon (Fig. 1 e) . The number of regen erated endothelial cells at 2, 4 and 6 weeks after denudation was also significantly (P< 0.05 or P<0.005) increased as compared to the number of normal cells in the correspond ing control left CA. The density of the en dothelial cells in the normal site at week 2, 4 and 6 was significantly (P<0.05 or P<0.005) greater than that at week 1, although the density of regenerated endothelial cells was not different at any observation time. On the other hand, the area covered with regenerated endothelial cells increased progressively after denudation. Six weeks after denudation, a full endothelial lining on the intraluminal surface was observed (Table 1) . However, regenerated endothelial cells were morpholo gically different from native ones; they were elongated (especially 1 and 2 weeks after denudation as shown in Fig. 1, d and f) and irregularly oriented (especially 4 and 6 weeks after denudation as shown in Fig. 1, g and h) .
Light microscopic findings: In the sham operated left CA (under control conditions), no noticeable changes could be detected at any observation time (Fig. 2a) . In the right CA 1 week after denudation, slight (±) to mild (+) proliferation of smooth muscle cells in the intima was seen (Fig. 2b) . Moderate (2+) deposition of elastic granules in the pro liferated smooth muscle cells was found in 1 of 5 rabbits. Two weeks after denudation, slight (±) to moderate (2+) proliferation of smooth muscle cells and elastic fibers in the intima was observed. A mild (+) deposition of elastic granules in the proliferated smooth muscle cells was found in 1 of 5 rabbits. These changes became moderate (2+) to severe (3+) with time elapsing after denudation. Six weeks after denudation, the moderate (2+) to severe (3+) proliferation of smooth muscle cells and of elastic fibers was found in the intima (Fig. 2, c and d) .
No accumulation of lipids could be deter mined both in the sham operated and denuded arteries at any observation time (Fig. 2e) . Endotheliu m-dependent relaxation re sponses: I n the sham operated left CA (con trol preparation), ACh (10-8-3x10-6 M) produced concentration -dependent relax ation during a contraction with 10-5 M noradrenaline. The ACh (10-6 M)-induced relaxation was abolished after in vitro denuda tion of endothelial cells and by pretreatment of the strips with 10-6 M atropine, but was unaffected by 10 M indomethacin (data not shown), indicating that the relaxation might be mediated by EDRF (1). As shown in Table  2 and Fig. 3 , the maximum relaxation pro duced by ACh in the control strips at weeks 2, 4 and 6 was significantly (P<0.05 or P< 0.005) greater than that at week 1. This may reflect the increased number of functional endothelial cells with aging ( Relaxation was given as a percentage against the 10-6 M noradrenaline-induced contraction.
Hum, the magnitude of the ACh-induced re laxation was significantly (P<0.005) smaller at any time after endothelial denudation than that in the corresponding control preparations. The reduction of ACh-induced relaxation was most prominent at week 1. Comparing the relaxation response among the strips at weeks 2, 4 and 6, the peak response at week 2 again tended to decrease with time elapsing to week 6. Table  3 shows the changes in 10-5 M ADP and 10-5 M A23187-induced relax ations in the control strips and strips with re generated endothelium and thickened intima. The ADP and A23187-induced relaxation responses during a contraction with 10-5 M noradrenaline were completely abolished after endothelial denudation, but were unaffected by 10-5 M indomethacin (data not shown), indicating that these responses might be mediated by EDRF.
The ADP-induced relaxation was most potent at week 2, both in the control left CA and right CA and decreased progressively thereafter, as was the case with the ACh induced one. ADP as well as ACh were significantly (P<0.05) less effective in the strips with regenerated endothelium and thickened intima than in the corresponding controls. The magnitude of relaxation re sponse induced by ADP and ACh in the strips 6 weeks after denudation did not differ from those at week 1. Although only the results at week 2 are shown in Table 3 , similar results were obtained for the A23187-induced en dothelium-dependent relaxation. Endothelium-independent relaxation re sponse: Sodium nitroprusside (SNP, 10-8 3x10-5 M) elicited the concentration-de pendent relaxation in the control left CA and right CA with regenerated endothelium and thickened intima during a contraction with 10-5 M noradrenaline. As can be seen in Fig.  4 , the concentration-response curve for SNP in the control was not different from that in the preparation 1 week after denudation, in which endothelium-dependent relaxations to ACh, ADP and A23187 were significantly smaller as compared to those in the corresponding controls. Table 4 shows the comparison of the SNP-induced maximum relaxation between the control left CA and the previously denuded right CA. The maximum relaxation which had been obtained from the concentration re sponse curves did not differ among the prep arations tested at any observation time after the operation.
Contractile responses in quiescent strips:
The contractile responses to noradrenaline, serotonin and histamine were compared in terms of Emax and ED50 between the control left CA and right CA with regenerated en dothelium and thickened intima. The con tractile responses to all agonists tested re mained unaltered after the endothelial denu dation. These results are shown in Table 5 .
Discussion
The present experiments were carried out to determine the regrowth of endothelial cells after in vivo balloon denudation of the rabbit CA and whether the arterial strips with re generated endothelial cells and thickened intima respond normally to various pharma cological agents.
According to Shimokawa et al. (8) , a full endothelial lining on the internal surface of the previously denuded porcine coronary artery was observed 8 days after denudation. In the present experiments, regenerated en dothelial cells could be found on the in traluminal surface 1 week after denudation. However, approximately 29% of the surface was covered with regenerated endothelial cells at that time. The regrowth of the en dothelial cells proceeded progressively and a full lining of endothelial cells on the intralumi nal surface was achieved 6 weeks after en dothelial denudation. This difference be tween porcine coronary arteries and rabbit CA may be interpreted to indicate that en dothelial regrowth is facilitated by a small arterial circumference and the presence of many branches and presumably by the char acteristics of the species studied (8-10). In addition, since the endothelial regeneration is achieved by migration and replication of adjacent normal cells, the time for full recovery may depend on the extent and severity of the damage.
After endothelial denudation of the rabbit CA, intimal thickening and proliferation of smooth muscle cells was initiated along with endothelial regeneration (6, 10). As reported in previous studies (8, (16) (17) (18) , the present findings also demonstrate that regenerated endothelial cells are morphologically different from native ones and that their numbers had significantly increased. It is likely that in the chronic regenerated state, endothelial cells undergo several cell replications (6) .
The experiments in an organ bath chamber demonstrate that the altered appearance of the endothelial cells is accompanied by depressed endothelium-dependent relaxations to ACh, ADP and A23187. However, the SNP induced relaxation, which is caused through activation of guanylate cyclase like that in response to EDRF (19) and the contractile responses to noradrenaline, serotonin and histamine, remained unchanged. Thus, the dysfunction of the endothelium occurs at a time when the ability of the underlying vascular smooth muscle to relax or contract is unchanged. In addition, it is suggested that the impairment of the endothelium-dependent relaxation appears to be at least partly due to impairment of the synthesis and/or release of EDRF in the regenerated endothelial cells. If so, it is speculated that the capacity to pro duce and/or release EDRF per cell must be markedly reduced especially at weeks 4 and 6, since the total number of the regenerated endothelial cells had greatly increased over the normal (Table 1) . On the other hand, the possibility that there may be some inter ference with access of EDRF to the media is not necessary ruled out. According to Goodwin et al. (20) , the endothelium-depen dent relaxations to both ACh and A231 87 were impaired significantly as compared to controls, and they concluded that the impair ed endothelium-dependent relaxation in atherosclerotic rabbit vessels is at least in part related to impaired production of EDRF. Verbeuren et al. It has been reported that the endothelium dependent relaxations to aggregating platelets and serotonin are depressed in porcine coronary arteries with regenerated endothe lium that have recovered from a previous en dothelial injury, but those to bradykinin, ADP, A23187 and thrombin are unaltered (8) . In this respect, the nature of regenerated en dothelial cells seems to be different between porcine coronary arteries and rabbit CA.
